The experimental issues against pulsed lasers are the aberrations and poor spatial distribution of the beams (Leith et al., 1991; Gustafsson, 2000) . Degradation in the images during optical reconstructions in pulsed film holography is addressed by the use of anamorphic optics and an inter-channel coupling filter (Leith et al., 1991) . For pulsed digital holography, the time between successive pulses limits the temporal resolution for hologram recording.
Full-color holography
Full-color holography involves the use of a multi-wavelength light source in the recording of color holograms and the subsequent superposition of the colored reconstructions. Any color in the visible spectrum is represented as a weighted linear combination of the three channel outputs that represent the primary-color channels of red (R), green (G) and blue (B). The red color aspects or portions of the object reflect or transmit only the red component of illumination beam. Other object colors reflect certain proportions of R, G and B. For example, yellow reflects equal proportions of R and G components of light, demonstrating the color addition during recording. Combined with the 3D effect, full-color holography adds realism to the reconstructions especially in imaging applications. Full-color film holography was utilized in constructing replicas of full-color art works such as oil paintings (Bjelkhagen & Vukicevic, 2002 ). The quality of the reconstructions in fullcolor holography is improved by reducing the undesirable speckle artefacts that remain even with the use of a multi-wavelength light source (Harthong, et al., 1997) . In optical metrology, a multi-wavelength light source enables measurements with variable resolution. During reconstruction in holographic interferometry, the zeroth-order fringe which indicates the reference undeformed region can be identified because of its white color that results from superposition of the primary colors used (Desse, et al., 2002; Jeong, 1999; Demoli, et al., 2003) . Implementation of full-color holography has been constrained by several experimental issues. During recording, the first issue concerns with finding a suitable light source. The factors that should be considered are the range of colors, coherence lengths and relative intensities of the laser lines used. The range of colors of the reconstructions can be assessed based on the CIE chromaticity diagram for a given set of wavelengths (Bjelkhagen, 2002; Kubota, 2001; Peercy & Hesselink, 1994) . Four or more wavelengths provide the best color reproduction (Kubota, 2001; Peercy, 1994) . One possible solution to the problem of limited coherence is the introduction of an intracavity Fabry-Perot etalon in the laser light source (Lin & LoBianco,1967) . Previous investigations on the sampling characteristics of the holographic process have suggested using sets of wavelengths and relative intensities for color holography to improve color reproduction (Peercy & Hesselink, 1994) . The second issue in film holography recording is the spectral sensitivity of the holographic emulsion. Recording of color holograms could be achieved with two composite films (Kubota & Ose, 1979; Kubota, 1986 ) with sensitivities in red and blue-green or by using a single panchromatic broadband film (Bjelkhagen, 2002) . In the reconstruction in film holography the critical issues are the color shift due to emulsion shrinkage, wavelength dependence of magnification and location of the image, and the "cross-talk" or spatial overlap of the various color reconstructions resulting in a blurred image. Color shift may be addressed by chemical treatment of the holographic films (Lin & LoBianco, 1967) . To achieve acceptable fit of color reconstructions, the magnifications and locations could be adjusted using various geometry and laser sources during optical reconstruction (Olivares-Perez, 1989). The Lippman configuration has been able to address sufficienty unwanted crosstalk in film holography (Kubota & Ose, 1979) . It utilizes the strict Bragg wavelength selectivity in volume reflection holograms. The first demonstration of full-color digital holography (FCDH) was achieved using CW Helium Cadmium white light laser with outputs in the 442, 538, and 636 nm (Yamaguchi et al., 2002) . The three hologram channels that were produced by the R, G and B channels contain all the essential information about the color of the object. To reconstruct the image of the colored object, one applies the Fresnel method to each of the holograms using the respective recording wavelengths. The grayscale images obtained from the intensity plots of the three-color channels were rendered with the corresponding color equivalents based on the proportions of the intensities of the illumination beams and the spectral sensitivity of the CCD camera (Yamaguchi et al., 2002) . Finally, the R, G and B reconstructions were superimposed to produce a white-balanced full color image as viewed in the computer monitor. Unlike full-color film holography, FCDH is not susceptible to the unwanted effects of emulsion shrinkage, cross talk, and limited spectral sensitivity. Color image dispersion remains an attendant issue during reconstruction that arises from the wavelength dependence of the image size, lateral resolution and depth of focus resulting in a smeared image.
Control of chromatic dispersion
The Fresnel method of digital hologram reconstruction which is applicable for large recording distances could be implemented via a discrete fast Fourier transform algorithm (Garcia et al., 1996) . The scaling factor between the pixel sizes x Δ in the hologram plane (considered as spatial domain) and x Δ in the image plane (or the spatial frequency domain) depends on the wavelength λ of the light source and the image distance z (Garcia et al., 1996) :
where NΔx is the hologram size or the dimension of the CCD chip. The image size of the reconstruction varies for holograms recorded at different wavelengths and focused at different image distances. Longer wavelengths and a farther image distance result in a large value for x Δ .
Because x Δ represents a range of spatial frequencies, the entire spatial frequency spectrum of the hologram then can be represented by a fewer number of pixels. Fewer pixels implies a smaller reconstructed image for holograms recorded using longer λ values. The lateral resolution of the reconstructed image varies with λ. Since a reconstructed image from holograms that are recorded at shorter λ's (and closer image distances) are bigger and more details are displayed, it will feature a higher lateral resolution. (Ferraro, 2004) . The effects of varying sizes of the reconstructions from the color holograms were compensated by resizing the holograms based on the ratio of wavelengths for a fixed image distance using the relation (Ferraro, 2004 ):
where N 1 and N 2 are the original and resized hologram dimensions, respectively. λ 2 and λ 1 are the longer and shorter wavelengths, respectively. For example, consider two holograms with dimensions 480 x 640 pixels, one is recorded in red (λ 2 = 636 nm) and the other in green (λ 1 = 503 nm). To equalize the image pixel size for the red and green reconstructions, augment the red hologram by padding the matrix with zeros in both horizontal and vertical directions. Hence, the new dimensions for the red become 734 x 979 pixels. Upon application of the Fresnel method on the resized red hologram at the same image distance z as in the green hologram, the image sizes of the reconstructions from both red and green holograms are equalized. We employ similar procedure for image resizing with one major difference -the image distance is not fixed. A summary of the imaging equations for single-color holography is provided by Goodman (1996) . The following imaging condition is pertinent in FCDH: if the recording and reconstruction wavelengths are the same then the coordinates of the image depend only on the coordinates of the object position, location of the point reference beam and location of the point reconstruction beam. Thus, images of the same object that are reconstructed from primary color holograms are located at the same coordinates if and only if the coordinates of the point reference and reconstruction beams are the same. Upatnieks presented similar imaging relations and stressed the effects of light source on the quality of reconstructions (Upatnieks, 1979) . Exact image formation without size change and aberration requires that the wavelength for recording and reconstruction be the same and the curvature of the reconstruction wave is a replica of the original reference beam or an exact conjugate of it. During computer reconstructions of digital holograms, it is convenient to approximate the reconstruction beam as a plane wave at normal incidence to the hologram and with the same wavelength as the recording beam. Such a numerical reconstruction beam, however, does not always satisfy the curvature requirement for the reconstruction wave. The image position of the reconstruction usually differs from object position. Although not a serious issue in single-color holography it becomes critical in FCDH. The wavelength dependence of the beam divergence and chromatic aberrations alter the positions of the reference and illumination beams leading to wavelength-dependent variance between image and object distances. Consequently, the reconstructions from the primary color holograms of the same object are focused at different image distances. The exact amounts of displacements between the color reconstructions are normally difficult to determine since they are influenced by the specific optical elements that are used in the FCDH system. Here, we describe a technique to minimize the chromatic dispersion using the best-focused image distance during the reconstruction of the color hologram channels. beams are equalized with a set of neutral density filters (ND filters). The equalized Stokes beams are then recombined via mirror M4 and beam splitters BS1 and BS2. After BS2, the intensity of each Stokes beam has been reduced to 50 μW which is safe for the operation of the CCD camera (SONY XC-75, 640 x 480 pixels, monochrome). The recombined beams form the new holographic pulsed white light source. Figure 2 demonstrates the benefits of beam conditioning on the beam profiles and relative intensities of the primary color channels from S 1 , S 2 and S 3 Raman outputs. In Fig. 2(a) is an image of the selected Raman outputs before performing beam conditioning. The beam is characterized by the presence of intense high-frequency spatial structures and scattered color components. The beam intensity also exhibits temporal and spatial variations between pulses that are due to non-uniform gas heating in the Raman cell. These deleterious effects are minimized by the constructed beam conditioning section. 
Stimulated Raman Scattering

Recording and reconstruction
Hologram recording and reconstruction are performed with a typical in-line digital holographic setup. In the in-line configuration, the object and reference beams are approximately co-linear which result in widely-spaced interference fringes. Large fringes are ideal for enhanced CCD sampling. We adjusted the positions of the beam expanders (concave mirrors) for back illumination in the case of a transmitting object and for front illumination in the case of a reflecting opaque object. During hologram recording, the test object is illuminated, one beam at a time, by blocking the other two beams in the beam conditioning section. We used a negative resolution target as a transmitting test object and captured the interference of the object and reference beams with the CCD camera. The recorded R, G and B holograms produced by the S 3 , S 2 and S 1 beams respectively, are resized, reconstructed, rendered with color and, finally, unified in the computer. Figure 3 
Resizing the holograms
Reconstruction of holograms
The B hologram and the resized R and G holograms are reconstructed at distances where the images are best focused. The distance of the best-focused image is established by numerically focusing the hologram at various distances and then selecting the sharpest image. For the purposes of comparison, reconstructions from resized holograms are also plotted at the same reconstruction distance (Ferraro et al., 2004) . The fixed distance condition corresponds to the reconstruction distance of the blue channel. The RGB reconstructions are then compared in terms of size and resolution. Figure 4 shows the recorded holograms and the test object used. In Figs The results demonstrate that the longitudinal resolution increases with shorter wavelengths. The reconstructions from the blue hologram is said to have a narrow depth of focus while those from the red hologram have a larger depth of focus. Lateral resolution also improves at shorter wavelengths as illustrated in Fig. 5 where the images are larger for the case of blue reconstructions. A larger reconstructed image of an object would reveal more details -an observation that is consistent with the wavelength dependence of the pixel size in the image plane. Since each image pixel represents a range of spatial frequencies (by virtue of the Fourier transformation) a bigger reconstruction can also be interpreted as a representation of higher spatial frequencies that contain the finer details of the object. where intensity decreases to half its maximum, the narrowest depth of focus (highest axial resolution) is observed in the reconstructions at the shortest wavelength (416 nm, S 1 ) (d).
Control of chromatic dispersion 4.1 Wavelength dependence of image parameters
Proper fit of the color reconstructions
Chromatic dispersion of the superimposed reconstructions can be controlled by resizing the holograms and reconstructing at best-focused distances. Figure 7 demonstrates the effects of hologram resizing on the size and resolution of the superimposed RGB reconstructions. Figure 7 sub-panels (e) -(g) are the reconstructions from the resized holograms and plotted using a fixed image distance of 20.5 cm (chosen from image distance of the blue color channel). The images are successfully resized but the heights are not exactly equalized as depicted in the superimposed image [ Fig. 7(h) ]. The heights of the reconstructions are 81 pixels, 73 pixels and 76 pixels for R, G, and B channels, respectively. Such an unsatisfactory result could be attributed to the assumption that the location of the image does not vary significantly with wavelength. The heights of the reconstructions are 77 pixels, 76 pixels and 76 pixels for R, G, and B channels respectively. The heights are more uniform when the image distances that are utilized correspond to those of the best focused images. The small variance that has remained in the heights of the reconstructions is attributed to the depth of focus where the image is acceptably focused. Proper fit of the RGB reconstructions is achieved after resizing the holograms based on wavelength ratios and reconstructing at best-focused image distances [ Fig. 7(l) ]. Figure 8 demonstrates the improvement of the fit of the full-color reunified image after application of the resizing technique. Figure 8 (a) presents the intensity line scan across a portion of the superposed reconstructions obtained without resizing the holograms. At this stage, the RGB channels are unsuitable for unification as evident from the split lines corresponding to a solid portion of the number "5". Figure 8(b) shows the line scan for the unified image after resizing the holograms at a fixed image distance. The presence of bifurcation in the intensity scan indicates a poor fit of the RGB channels after the reconstructing at a fixed distance. Figure 8 (c) presents the line scan of the unified image after hologram resizing and plotting at the best-focused image distances. The smooth intensity scan demonstrates proper fit of the RGB channels when the holograms are resized based on wavelength ratios and reconstructed at best-focused image distances.
www.intechopen.com Figure 9 conveys the importance of hologram resizing on the longitudinal resolution. Figure  9 (a) presents a horizontal array of full-color reconstructions in the absence of hologram resizing. The reconstructions are plotted at equally-spaced axial planes in the foreground and background of the best focused image planes. We used the contrast of the intensity profile as a measure of the axial resolution. High contrast in the axial intensity plot within a short axial range would mean enhanced localization of the colored test object. Fig. 9(a) . The line scan passes through the mid portion of the reconstructed images of "5" as indicated by the arrowed line in Fig. 9(a) . The intensity profile has a low contrast (difference between maximum and minimum intensity values as depicted by the circles) and exhibits a gradual change across the array. Figure 9 (c) shows an array of full-color reconstructions after resizing the holograms. The high contrast in the intensity profile [ Fig. 9(d) ] indicates an improvement of the longitudinal or axial resolution as a result of the hologram resizing. Enhanced axial resolution is important in optical sectioning where a specific plane of a three dimensional scene has to be accessed. The full-color reconstruction must exhibit high longitudinal resolution or narrow depth of focus in order to resolve the various axial planes. 
Summary and conclusions
We have discussed pulsed FCDH with a hydrogen Raman shifter as the single source of pulsed, highly-directional multi-wavelength light. The first three Stokes beam outputs (λ S1 = 415.9 nm, λ S2 = 502.9 nm, λ S3 = 635.9 nm) of the Raman shifter are utilized as the three primary color channel for carrying all the color information from the object. A simple beam conditioning procedure for improving the beam quality of the Stokes beams and for equalizing their beam was developed and implemented and holographic recording and reconstruction were both successfully demonstrated. The Raman shifter is a promising light source for pulsed FCDH because it is inexpensive to construct and maintain. The usefulness of full color holograms depends on the quality and resolution of the reconstructed images. Higher resolution and narrower depth of focus are gained for reconstructions from holograms that are recorded at shorter wavelengths. The wavelength dependence of the image size and resolution spatially disperses the reconstructions from the primary color channels resulting in blurred unacceptable image. Compensation for color dispersion could be done by resizing the holograms using the ratio of wavelengths and reconstructing at a fixed image distance. However, the wavelength dependence of the beam divergence and optical aberrations result in the spatial displacement of the point reference beam that directly changes the direction and shape of the reference beam and therefore, the image distance. Knowledge of the variance in the image distance for the primary color channels, has allowed us to rescale using the image distance that yielded the best focused image thereby assuring better compensation of size, resolution and depth of focus.
